The effects of the phosphorus contents in electroless Ni-P substrates on the morphology, structure and corrosion resistance of gold coatings deposited on Ni-P surfaces, which were applied via a HAuCl4-ChCl gold plating solution by galvanic displacement deposition, were investigated. Compared with low contents, high P content was not only more suitable to achieve bright golden Au surfaces, but also enabled the Ni-P coating to achieve high corrosion resistance during the immersion gold deposition process in the acidic gold plating solution and for further protection of the Cu sheet.
INTRODUCTION
Because of the superior properties of electroless nickel/immersion gold (ENIG) coatings, such as good electrical conductivity, excellent corrosion resistance, and good solderability [1] [2] , increasing attention has been paid to ENIG in electronic industries, especially for surface finishing or coatings for printed circuit boards (PCBs) to prevent the oxidation of the Ni-P coating deposited on the copper surface [3] . Traditionally, the gold coating on a Ni-P alloy substrate can be obtained from the potassium dicyanoaurate (KAu(CN)2) solution due to its good bath stability and excellent performance [4] . Considering the toxicity of KAu(CN)2 and the material compatibility problems, the application of this cyanide-containing procedure, however, has been gradually limited by governments worldwide [5] . Consequently, several non-cyanide baths have been developed for ENIG coatings, such as Au(I)-thiosulfate complex solutions and Au(I)-thiosulfate-sulfite mixed ligand solutions [6] [7] . Recently, we reported a simple and stable non-cyanide bath based on choline chloride (ChCl) and chloroauric acid (HAuCl4) for immersion gold deposition onto electroless Ni-P substrates by a galvanic displacement process. The gold coating prepared from our ChCl solution has good properties for solderability and corrosion resistance [8] .
The deposition of immersion gold on a Ni-P substrate can be considered a displacement reaction involving Ni atom oxidation and Au(I) cation reduction [9] . The ENIG process is often accompanied by excessive or uneven corrosion of the Ni-P substrate, and the hyperactive corrosion of the Ni-P layer during the immersion gold step has been known as a black spot or black pad defect, resulting in problems with joint integrity for wire bonding and soldering after assembly [10] [11] [12] [13] . In the previous literature, it has been found that the corrosion resistance of as-deposited Ni-P alloys during the ENIG process greatly depends on the operating parameters, such as the substrate surface morphology or phosphor content, Au immersion time, coating bath temperature or pH value, and so on. [14] [15] [16] [17] [18] .
As part of our ongoing study on the application of ChCl solutions to sustained electroless metal deposition [19] [20] [21] [22] , we chose the phosphor content of the Ni-P substrate as the most important parameter in our non-cyanide ChCl solution and investigated its effect on the ENIG process. Ni-P substrates with various phosphor contents from 6.5% to 10.5% were prepared, and the effects of the phosphor content on the surface morphology and properties of Au coatings were studied.
EXPERIMENTAL

Materials and methods
Copper (Cu) sheets (10 mm × 20 mm × 0.2 mm) were used as the substrates for ENIG deposition. All solutions were prepared with analytical grade reagents and distilled water.
The ENIG procedures are briefly described as follows. Cu sheets were treated in an alkali solution, acidic solution and activating solution to be degreased, micro-etched and activated, respectively. After each of these pretreatment steps, the substrates were rinsed with distilled water and dried under air flow. Then, pretreated Cu sheets were immersed in the Ni plating solution as described in Ref 23 [23] HAuCl4·4H2O, pH 2.0, 80 °C, 5 min) as detailed in our published work [8] , performing immersion gold (IG) deposition to obtain 55 nm Au coatings.
Characterization
The structure and morphology of the coatings were investigated by X-ray diffraction (XRD, Rigaku D/max 2500 powder diffractometer, Cu Kα (λ=1.542 Å) radiation at 30 kV and 40 mA, a scan rate of 6 °·min -1 , 2θ from 30 ° to 80 °) and scanning electron microscopy (SEM, JSM-6360LA, Japan
Electron Optics Laboratory Co. Ltd., Japan), respectively. The phosphorus content of the Ni-P layer was detected by an Oxford Energy Dispersive X-ray Spectrometer (EDS) coupled to the SEM. Electrochemical experiments were performed on an electrochemical workstation (RST-5200F, Suzhou Risetest Instrument Co. Ltd, Suzhou, China). Corrosion resistance was examined by the potentiodynamic polarization technique in 3.5 wt. % NaCl and 0.5 mol·L -1 solutions. Open circuit potential (OCP) tests were performed in the Au(III)-ChCl solution. The counter and reference electrodes were a platinum wire electrode and a saturated calomel electrode (SCE), respectively. The working electrodes for corrosion resistance and OCP tests were Ni-P/Au-coated and Ni-P-coated Cu sheets, respectively. The area of the working electrodes exposed to the solution was 1cm 2 , and the scan rate was 0.5 mV·s -1 .
RESULTS AND DISCUSSION
Characterization of Ni-P coating with various phosphorus contents
Małecki et al. [24] revealed that the pH could influence the deposition rate of the electroless nickel (EN) plating and the P content in Ni-P coatings. Antonelli et.al. [25] also reported that the P deposition rate increased with decreasing pH. According to the above reports, different P contents in Ni-P coatings could be achieved simply by controlling the pH value of the EG plating solution.
Here, different P contents in the Ni-P coating were prepared by varying the pH value of the EG plating solution from 3.8 to 6.8 with ammonium hydroxide (NH4OH) [23] . To establish the P content as the only factor influencing the Au coating, the thickness of the Ni-P coatings was controlled to be 3 μm by adjusting the electroless plating time [25] . The corresponding P contents in Ni-P coatings from various pH values and deposition times are shown in Table 1 . 
The effects of P content on the surface morphology of Au coatings
The results showed that the Au coating became dark and black with a decrease in the P content, which suggested that the Ni-P substrate with a low P content suffered serious corrosion during the gold plating process. Fig. 1 shows the surface morphologies of uncoated Ni-P substrates (inserts) and Au coatings with different P contents. It can be seen that the various P contents exhibited less of an influence on the Ni-P coatings and a greater influence on the Au coatings. The Au coating was smooth and golden when the P content was greater than 8.0 %, while it was covered with crevices and became dark when the P content was less than 7.0 %. Elsener et al. [26] revealed that P-enriched Ni-P coatings have outstanding corrosion resistance, which could be explained by a strong enrichment of elemental P at the interface that limits the dissolution of Ni. Thus, Ni-P coatings with different P contents would dissolve in the strongly acidic Au plating solution to varying degrees during Au plating. Dissolution of Ni would lead to the formation of crevices [27] . Figure 1 . SEM images of Ni-P/Cu substrates with different levels of P contents (a-d) and Au coatings on Ni-P substrates (e-f). P content: (a,e) 6.5%, (b,f) 7.0%, (c,g) 8.0%, and (d,h) 10.5%. The conditions are as described in section 2.1 Materials and methods.
The components of Au coatings deposited on Ni-P substrates with different P contents were investigated through XRD. As shown in Fig. 2 , an apparent peak located at 38.24° was ascribed to the Au (111) plane parallel to the surface of the substrate. The other diffraction peaks, Au (200) at 44.36° and Au (220) at 64.8°, exhibited extremely weak intensities compared to the Au (111) peak. These peaks in the XRD diagram were consistent with elemental Au diffractions (JCPDS 04-0784). Comparing each peak, there was no significant difference with the change in P content in the Ni layers. Additionally, these observations also indicated that the preferential growth orientation was the Au (111) plane during the Au film formation process. Figure 2 . XRD patterns of Au coatings on Ni-P substrates with different P contents. The conditions are as described in section 2.1 Materials and methods.
The effects of the P content on the corrosion resistance of Ni-P/Au coatings
Potentiodynamic polarization measurements are widely used to study the corrosion resistance of deposited coatings [28] . Fig. 3 illustrates the potentiodynamic polarization curves of Ni-P coatings and Ni-P/Au coatings in 3.5 wt. % NaCl and 0.5 mol·L -1 H2SO4 solutions at room temperature. The electrochemical data extracted from the polarization curves, such as the corrosion potential (Ecorr) and the corrosion current density (icorr), are summarized in Table 2 . Additionally, the polarization resistance (Rp) was calculated according to Rp = βa × βb × 10 6 / [2.3 × icoor × (βa + βb)] (βa is the anodic Tafel slope, and βc is the cathodic Tafel slope) [7, 29] and the corresponding data are also listed in Table 2 . It should be noted from Fig. 3 (a) , 3 (b) and Table 2 that Ecorr of the Ni-P coatings shifted positively, icorr decreased, and Rp increased, with an increase in the P content both in NaCl solution and H2SO4 solution. Another phenomenon that was observed was that the difference in Ecorr between the maximum and the minimum P content (∆Ecorr) was greater in H2SO4 solution (0.164 V) than in NaCl solution (0.056 V), and the Rp of the Ni-P coatings was higher in NaCl solution than in H2SO4 solution. These results indicated that Ni-P coatings with a lower P content had weaker corrosion resistance in acidic solution than in neutral solution. Bakhit et al. have revealed that the performance of nanocomposite coatings in a corrosive medium can be linked to four major aspects: the electrodeposition process, matrix properties, factors related to reinforcing particles, and service conditions [28] . Thus, with different P contents in the Ni-P layer, Ni and P developed into different crystal forms. Normally, the crystal structure of the Ni-P coating is amorphous at a higher-P content, while at a lower-P content, the Ni-P coating is crystalline [30] . The amorphous structure has a better corrosion resistance than the crystalline structure. Therefore, the corrosion resistance was enhanced by increasing the P content.
Because the Ni-P coating with different P contents showed a great difference in the acidic solution and because the pH value of our Au(III)-ChCl plating solution was 2.0, the potentiodynamic polarization curves of the Ni-P/Au coatings were obtained in H2SO4 solution to determine the influence of the P content on the Au coatings. As shown in Fig. 3 (b) and Fig. 3 (c) , the Ecorr of all the Ni-P/Au coatings was more negative than that of the corresponding Ni-P coatings. A possible reason for this result may be that the Ni-P coatings with different P contents were corroded during the ENIG Au deposition with an acid Au(III)-ChCl plating solution. As shown in Fig. 3 (c) and Table 2 , Ecorr of the Ni-P/Au coatings shifted positively, icorr decreased, and Rp increased with increasing P content. The lower corrosion resistance with the lower P content could be ascribed to the fact that the surface of Ni-P/Au coatings with a low P content held cracks (as was seen in Fig. 1) , where corrosion cells were easily formed to weaken the corrosion resistance [12, 31] . As shown in Table 2 , the icorr and Rp of the Ni-P/Au coatings were lower and higher, respectively, than those of the corresponding Ni-P substrates. The lower icorr of the Ni-P/Au coating indicated a lower corrosion rate of the Ni-P/Au coating than that of the Ni-P coating when the coating was corroded. Thus, Au can effectively decrease the corrosion rate of the Ni-P coating. [7] , the open circuit potential change versus time (OCP-t) curves of Ni-P substrates with different P contents were tested in the Au plating solution. As shown in Fig. 4 and Table 3 , the open circuit potentials (EOCP) shifted negatively from the initial potential for all the Ni-P substrates, and with an increase in the P content from 6.5% to 10.5%, the plateau potential shifted to the positive direction, which indicates that gold film has an increased coverage on the Ni-P substrates. Moreover, the time for the potential to reach the plateau value corresponding to the time for the formation of Au coating on the Ni-P substrates became shorter. As shown in Table 3 , the drops of the potential (ΔE) decreased with the increasing P contents. Thus, more extensive coverage with less time indicates that Ni-P coating with high P content leads to a uniform and compact Au coating, which could provide better protection for Ni substrate. 
Open circuit potential of Ni-P substrates in Au plating solution
CONCLUSIONS
The SEM figures indicated that the surface of the coating with a low P content is covered with cracks, this was caused by the corrosion of the Ni-P coating in the strongly acidic gold plating solution. Higher P contents in the Ni-P coating enable a better corrosion resistance under acidic conditions. Therefore, a Ni substrate with a high P content should be chosen for the IG process in a strongly acidic gold plating system.
